In this study of reading development, children (ages 7--10) and adults (ages 18--32) performed overt single-word reading and aural repetition tasks on high-frequency word stimuli during functional magnetic resonance imaging. Most regions showed similar activity across age groups. These widespread regions of similarity indicate that children and adults use largely overlapping mechanisms when processing high-frequency words. Significant task-related differences included greater activity in occipital cortex for the read task, and greater activity in temporal cortex for the repeat task; activity levels in these regions were similar for adults and children. However, age group differences were found in several posterior regions, including a set of regions implicated in adult reading: the left supramarginal gyrus, the left angular gyrus, and bilateral anterior extrastriate cortex. The angular and supramarginal gyrus regions, hypothesized to play a role in phonology, showed decreased activity in adults relative to children for high-frequency words. The extrastriate regions had significant activity for both the visual read task and auditory repeat task in children, but just for the read task in adults, showing significant task and age interactions. These results are consistent with decreasing reliance on phonological processing, and increasing tuning of visual mechanisms, with age.
Introduction
Mastery of the skill of reading is an important predictor of an individual's success in literate societies. This reliance upon an ability that is uniquely human, and that requires instruction for expert acquisition, has generated considerable research interest in its neurobiological foundation and developmental trajectory. Reading-related brain research has been conducted using many different tools, including behavioral methods, event-related potentials (ERP), magnetoencephalography (MEG), and neuroimaging methods (e.g., functional magnetic resonance imaging [fMRI] and positron emission tomography [PET] ) (for an overall review, see Schlaggar and McCandliss 2007) . From this wide variety of investigations come several consistent regions of activation. In general, it is agreed that adults show greater left than right hemisphere increases in activity for reading in many brain regions, including parts of inferior occipital--temporal cortex, inferior frontal gyrus/frontal operculum, and superior temporal and inferior-parietal cortex (for an fMRI/PET review, see Fiez and Petersen 1998; Turkeltaub et al. 2002; Jobard et al. 2003; Palmer et al. 2004; Binder et al. 2005; Bolger et al. 2005 ; for an ERP review, see Barber and Kutas 2007) . MEG has also demonstrated a similar set of locations for reading-related tasks (Simos et al. 2002) . Of note, some studies have demonstrated a less lateralized pattern of activity developmentally (Gaillard et al. 2000; Turkeltaub et al. 2003) . Literature reporting the effect of damage to these 3 left hemisphere locations in the adult has indicated that separable reading-related deficits can result (Dejerine 1892; Geschwind 1965; Damasio and Damasio 1983; Binder and Mohr 1992; Hillis et al. 1999; Fiez et al. 2006) .
In 1 of these 3 locations, the left inferior occipital--temporal gyrus, several recent adult studies have provided evidence for specialization in processing visual words (a ''visual word form area '' [vWFA] ) (e.g., Cohen et al. 2002; Dehaene et al. 2002; . The characterization of the vWFA is not without controversy, however (see e.g., Price and Devlin 2003; Devlin et al. 2006 ). This region, located approximately at Talairach coordinates -43, -54, -12, shows greater activity for words than consonant strings and may be visually specific in adults. Its location appears to be well-conserved across individuals ). In addition, there is a consistent observation in the ERP literature of a negativity at the left posterior inferior aspect of the scalp (near the proposed vWFA) during the N170 time frame (first 200 ms) for presentation of visual words (Maurer et al. 2005 ). This negativity has been shown to be absent in nonreaders, largest in early readers, and to decline in magnitude with age Maurer et al. 2006) .
Since 1861, when Broca reported the consequences of a lesion in the left inferior frontal cortex (Broca's Area) , that region has been implicated in fluent language production (Broca 1861) . Recent studies have indicated that reading pseudowords, as compared with real words, produces greater activity in a region in the left frontal operculum (Fiez et al. 1999; Hagoort et al. 1999; Mechelli et al. 2003) . Damage to this region (located approximately at Talairach coordinates -45, +12, +13) results in difficulty reading pseudowords and inconsistent low frequency words (Fiez et al. 2006) . Studies of typical adult readers and those with developmental dyslexia indicate that phonological and/or semantic processing might also be occurring in temporo-parietal regions including the superior temporal gyrus, the supramarginal gyrus, and the angular gyrus (Fiez and Petersen 1998; Jobard et al. 2003; Palmer et al. 2004) . Regions in these locations are consistently reported in imaging studies of reading, although interpretations differ for the processes they perform (e.g., Pugh et al. 2001; Joubert et al. 2004 ). For example, Binder et al. (2005) have proposed that the left angular gyrus is a site of semantic processing similar in function to the semantic component of a connectionist model of reading (Plaut et al. 1996; Seidenberg 2005 ). This idea is based on a correlation between word imageability and blood oxygenation level--dependent (BOLD) activity in this region. However, Booth et al. (2004) do not support a role for semantics in the angular gyrus, and instead propose that the angular gyrus extracts statistical regularities between orthography and phonology, more consistent with earlier lesion studies (Geschwind 1965) .
Overall, the idea that damage within the left temporoparietal region results in language and/or reading disorders has been supported for over a century (in the temporal lobe by Wernicke (1874) , and in the inferior-parietal lobe by Dejerine (1891) ). More recently, Hillis et al. (2005) studied 80 patients within 24 h of onset of acute left hemisphere ischemic stroke, and compared the location of the stroke with the patient's abilities in word naming, oral reading, and reading comprehension, as well as other tasks. In addition to other results, damage to the angular gyrus was associated with impaired naming and oral reading. Moreover, adult and child dyslexia research suggests that impairment in left superior temporal and inferior-parietal regions is fundamental to the disorder, resulting in a failure to develop successful reading skills (e.g., Eden and Zeffiro 1998; Horwitz et al. 1998; Shaywitz et al. 2002; Hoeft et al. 2006 ).
Review of Developmental Studies
Although the literature of developmental studies of brain mechanisms used while reading is less extensive than for adult studies, the literature has grown with the advent of noninvasive brain research techniques. For example, researchers using MEG have revealed developmental differences in the timing of activation in some key reading regions between adults and children for lexical tasks that varied difficulty by age (Simos et al. 2001) . Using fMRI, Schlaggar et al. (2002) studied children and adults performing lexical processing tasks (i.e., rhyme, verb, and opposite generation). In this study, regions were found in frontal cortex that showed greater activity for adults than children, whereas extrastriate regions showed greater activity for children than adults (see also Brown et al. 2005) . Similarly, Turkeltaub et al. (2003) found that children performing a covert reading task showed a greater reliance on posterior superior temporal cortical regions than adults, and that an increase in frontal activity correlated with an increase in reading skill. Booth et al. (2004) reported an increase in activity in regions in the angular and supramarginal gyri in adults compared with children for spelling and rhyming cross-modal tasks, and suggest that this increase is due to adults having more elaborated mapping between orthographic and phonologic representations. None of these studies directly addressed overt single-word reading, but the results imply that the reading networks in the brain are dynamic between the ages of 7 years and adulthood, and suggest that targeted investigations of single-word reading during development could help clarify apparently discrepant findings. To this end, we studied adults and children on simple single-word reading and aural singleword repetition tasks.
Materials and Methods

Participants
Subjects were chosen from a data set of 96 healthy right-handed, native English speakers, ages 7--35 years who had participated in a large crosssectional study of lexical processing. Some portions of this data set, describing different tasks, have been published previously Brown et al. 2005; Fair et al. 2006a; Fair et al. 2006b ). For this analysis, the data from 50 of these participants were selected from the data set on the basis of behavioral measures (see below).
Subjects under 18 years had parental informed consent and gave assent. They were recruited from community schools and through parents connected to the Washington University community. Children and teenagers were screened similarly to the adults, but also were examined by a pediatric neurologist (B.L.S.). To characterize the children and teenagers further, participants under 18 were tested with Wechsler Abbreviated Scale of Intelligence (Wechsler 1999) . Participants under 18 were also acclimated to the imaging environment via a ''mock scanner'' several days prior to the experiment.
All adults gave informed consent. Adult participants were college, graduate, or medical students, or college graduates, and many were from the Washington University community. Adult subjects were screened for neurological, psychiatric, and/or psychopathological diagnoses by telephone interview and questionnaire. Unfortunately, IQ testing was not obtained for these subjects. However, IQ scores were estimated for the adults based on their years of education, which provides a good general estimate (Matarazzo 1972) .
The Washington University Human Studies Committee approved the study and all participants were reimbursed for their participation.
Lexical Tasks
All subjects were scanned while performing 2 simple lexical tasks: 1) Read (aloud) a visually presented word, and 2) Repeat (aloud) an aurally presented word. All subjects performed 1 or 2 runs of each task. In both tasks, participants viewed a white fixation cross on a black background using a rear projector and mirrors. Words for both tasks were high frequency, and derived from available lists of US first-grade reading words. Word lists were counterbalanced for syllables, and words were presented in random order. For visually presented words, each letter subtended 0.5°. Visual stimulus duration was relatively long (0.95 s), which was intentionally chosen to aid reading in the youngest subjects. Auditory stimulus duration varied appropriately with word length spoken by an adult male raised in the Midwestern United States. The means and ranges of the length, frequency, and orthographic neighbors of the stimuli are summarized in Table 1 . Although there is a numerical difference between the frequencies of the word items, the read and repeat task stimuli were both quite high frequency on average, and were not significantly different, as determined by t-test (P = 0.44).
In each run, 21 words were presented every second, third, or fourth MR frame (time repetition [TR] 3.08 s; average interstimulus interval 9.24 s) in pseudorandom fashion. This jittering allowed the eventrelated time course of the response to be extracted (Miezin et al. 2000) . For each task, participants were asked to say aloud the correct response as quickly, clearly, and accurately as possible.
Behavioral Measures
Behavioral data were collected with digital voice recording software for later analysis as described by Nelles et al. (2003) . Reaction time and accuracy (% correct) were computed for each individual.
In any study of development, researchers have to address a potential confound due to differing task performance between age groups (Johnson 2001; Schlaggar et al. 2002; Palmer et al. 2004) . We used performance matching of behavioral measures (reaction time and accuracy) to select our sample from a larger data set. First, participants without at least one run of each task, with less than 70% accuracy on either task, or with excessive movement (greater than 1.5 mm root mean square [rms]), were removed from analysis. The remaining set of participants was subjected to individual removals to balance the average reaction time and accuracy for the set of adults and children aged 7--10 years. The final, matched set of data contained the endpoints of our developmental span of 7--35 years, and consisted of 25 adults (18--35 years, 14 female), and 25 children (7--10 years, 16 female). The characteristics of the larger child and adult data set and of the matched child and adult groups used for this analysis can be seen in Table 2 .
MRI Data acquisition and Preprocessing
A Siemens 1.5 Tesla MAGNETOM Vision system (Erlangen, Germany) was used to collect the anatomical and functional MRI data. In brief, 3-dimensional high-resolution structural images were acquired using a sagittal magnetization-prepared rapid gradient echo (MP--RAGE) sequence (slice time echo = 4 ms, TR = 9.7 ms, inversion time = 300 ms, flip angle = 12°, 128 slices, 1.25 3 1 3 1 mm voxels). Functional data were collected parallel to the anterior commissure--posterior commissure plane using an asymmetric spin-echo echo-planar pulse sequence (TR = 2.18 s with a 904 ms delay [total TR = 3.08 s], T 2 * evolution time = 50 ms, flip angle = 90°). Complete brain coverage was achieved during each scan by obtaining 73 frames of 16 contiguous interleaved 8-mm axial slices (3.75 3 3.75 mm in-plane resolution). The brief delay after each TR was added to each frame to minimize scanner noise and allow subject task responses to be more easily monitored. Steady state was assumed starting with the fourth frame. Preliminary image processing was carried out to reduce noise and artifacts (see Miezin et al. 2000 , for detailed procedures). Preprocessing included removal of a single pixel spike caused by signal offset, wholebrain normalization of signal intensity across MR frames, correction for subject movement within and across runs, and slice-by-slice normalization to correct for changes in signal intensity due to acquisition of interleaved slices.
Data for all subjects were transformed into standard stereotactic space (based on Talairach and Tournoux 1988) using a single common atlas (Lancaster et al. 1995; Snyder 1996) and resampled isotropically at 2 mm 3 2 mm 3 2 mm. Stereotactic registration was accomplished by 12-parameter affine warping of each individual MP--RAGE image to an atlas-representative target using difference image variance minimization as the objective function. The atlas-representative target image was produced by mutual coregistration of independent groups of 12 healthy adults and 12 healthy children. This target-image strategy minimizes systematic age differences in the atlas location of cortical structures (see Burgund et al. 2002) . The composite target was made to conform to the Talairach atlas using the spatial normalization method of Lancaster et al. (1995) . The atlas-transformed image for each of our participants was checked against a reference average to ensure appropriate registration. This method allows direct voxel-wise statistical comparisons to be made between children and adults, and has been used previously (Burgund et al. 2002; Schlaggar et al. 2002; Kang et al. 2003; Monk et al. 2003; Blumenfeld et al. 2006; Ciesielski et al. 2006) .
Participants were encouraged to minimize movements throughout the scan, including during their vocal responses. In order to enhance participants' abilities to remain still, a thermoplastic mask that molds to an individual's face was applied. Participant motion was corrected and quantified using an analysis of head position based on rigid body translation and rotation. The data derived from adjustments needed to realign head movement on a frame-by-frame basis were calculated as rms values for translation and rotation in the x, y, and z planes in millimeters. A scan run was discarded if the movement was more than 1.5 mm rms. Movement rms values ranged from 0.114 to 1.298, with an average overall movement of 0.379 rms across both tasks for all subjects. As has been reported elsewhere, children moved significantly more than adults Brown et al. 2005) .
Concern about artifacts from scanning during overt verbal responses in the MRI environment has been addressed by multiple researchers (Birn et al. 1999; Palmer et al. 2001 ). These papers demonstrate that acquisition of interpretable, relatively artifact-free images of tasks during overt verbal responses is possible, and other studies have also not observed large speaking-related artifacts Binder et al. 2005; Brown et al. 2005; Fair et al. 2006b ).
fMRI Processing and Data Analysis
General Features Statistical analyses of event-related fMRI data were based on the general linear model (GLM) as previously described (Miezin et al. 2000; Schlaggar et al. 2002; Brown et al. 2005) , and conducted using in-house software programmed in the Interactive Data Language (Research Systems, Inc., Boulder, CO).
The GLM design for each subject included time as a 7-level factor, made up of the 7 MR frames (~22 s, 3.08 s per frame) following presentation of the stimulus. No assumptions were made regarding the shape of the hemodynamic response function. All analyses included only activity corresponding to correct trials.
Voxel-Wise Analysis
The first analysis, a 2 3 2 3 7 voxel-wise, whole-brain analysis of variance (ANOVA), was constructed with 2 levels of task (read and repeat), 2 levels of age (child and adult), and the 7 points in time (7 MR frames) for all correct trials. Error trials were coded separately from correct trials and not analyzed for this study. For all voxel-wise analyses, a correction based on a Monte Carlo simulation was implemented to guard against false positives that may result from conducting a large number of statistical comparisons over many images (Forman et al. 1995; McAvoy et al. 2001) . To achieve P < 0.05 corrected for multiple comparisons, a threshold of 24 contiguous voxels with a Z value > 3.5 was applied.
The voxel-wise analysis produced 4 images, each showing voxels with either a significant effect of time, time 3 age interaction, time 3 task interaction, or a time 3 task 3 age interaction. From these images, regions were created using an in-house algorithm (courtesy of Avi Snyder) that located peaks within the Monte Carlo corrected contiguous voxels in each image, and defined regions by first smoothing with a 4-mm kernel, then extracting peaks with a minimum distance of 10 mm from other peaks, a peak Z-value of at least 3.5, and a minimum size of 24 voxels. For all region-wise analyses, Box's sphericity correction was used, adjusting for temporal correlation and possible inhomogeneity of variance over the repeated measure (i.e., time) (Box 1954; McAvoy et al. 2001 ).
Region of Interest Analyses
Regions extracted from the 4 images were examined for overlap, and whenever a center of mass coordinate for a region was within 5 mm of another region, the smaller of the 2 was removed. The regions derived from the voxel-wise images were then interrogated for the combinations of effects that were found. No regions had significantly negative-going time courses. The regions derived from a particular interaction image (e.g., regions of interest [ROIs] derived from the task 3 time image) are already known to be significant for that interaction (e.g., the task 3 time effect), so a statistic for that effect in those ROIs cannot be considered a significance test, and is only useful as an index of relative reliability. On the other hand, a test for task 3 time interaction in an ROI defined in the main effect of time image provides an appropriate unbiased test. In many regions, the only statistically significant effect matched the effect in the original voxel-wise image. However, for some regions interactions were found that were not reflected in the image of origin. For example, of the 63 regions derived from the main effect of time image, 22 regions showed at least one secondary interaction effect. These regions were then grouped with the other regions showing those effects for further analyses. The different classes of statistical measurement are denoted in each result table by using an asterisk to indicate regions derived from the particular interaction effect image and thus not by a secondary statistical test. Post hoc analyses determined which factor(s) drove each interaction. Main effect of time statistics were considered significant if they were greater than a sphericity-corrected Z-value of 4.0 (P < 0.00005). Interaction effects were considered significant if they had a sphericity-corrected Z-value greater than 2.5 (P < 0.01).
Time courses for all 50 subjects were extracted for each region. The individual time courses across all regions were screened for highly aberrant values, blind to age. Outlier time courses were defined as those showing any time point with greater than 2% signal change, because 2% signal change represented 3 standard deviations away from the mean when 96 subjects from the larger data set were examined for signal magnitudes (Brown et al. 2005 ). Regions containing 10% or more outlying time courses across subjects were removed and are not reported here. Regions showing fewer than 10% outlying time courses across subjects were retained, but data from those particular ''outlier'' subjects were removed from analyses of that region only.
A subsidiary ROI analysis was performed on 3 left hemisphere regions whose location was similar to regions described in prior studies of reading Palmer et al. 2004; Binder et al. 2005) . These regions of interest were located in the left angular gyrus (-49, -62, +29), supramarginal gyrus (-52, -42, +24), and anterior extrastriate cortex (-38, -60 -12) .
Results
Behavioral Results
The behavioral data for the performance-matched groups are depicted in Table 2 . As designed, the 2 groups did not differ by reaction time or accuracy. Average full-scale IQ for the 25 children was 118 and estimated IQ for the 25 adults was 119.
Children and adults were slower on the repeat task (child average 1104 ms, adult average 1066 ms) than the read task (child average 657 ms, adult average 636 ms) (P < 0.05 for task differences, no group difference). Both groups were highly accurate on both tasks ( >94%), indicating that both groups were successful at performing the 2 tasks.
Voxel-Wise Analysis
The 2 3 2 3 7 ANOVA resulted in a preponderance of regions derived from the main effect of time image: 69 regions qualified for further analysis. Six of these regions were removed due to overlap with other regions (see Methods). The remaining 63 regions were located bilaterally in a wide variety of locations in the brain. These regions were analyzed for secondary effects (see Methods).
Other images showing more complex interactions provided 16 regions (task 3 time interaction image), and 25 regions (age 3 time interaction image). Five of these regions were removed due to overlap. Age 3 time interaction image regions were located only in the posterior half of the brain, and included regions in the precuneus, inferior-parietal, superior temporal, and occipital lobes.
ROI Analysis
Regions showing only a main effect of time potentially reveal the shared functional neuroanatomy of reading and repeating for people ages 7--35 years (Fig. 1) . These regions were in a wide variety of locations, including visual cortex, auditory cortex, and primary motor cortex, as well as other regions commonly associated with reading tasks (Fiez et al. 1999; Price 2000; Joseph et al. 2001; Turkeltaub et al. 2002; Palmer et al. 2004) (Table 3) .
Regions with an interaction of task 3 time, as would be anticipated, were located in sensory cortex (Fig. 2A) . The regions that had greater activation for the repeat task were located in temporal auditory-related cortex, whereas the regions that had greater activation for the read task were in extrastriate visual cortex (Table 4) . For 6 visual regions, only the read task produced significant time courses, whereas the other visual and auditory regions had significant time courses for both tasks.
Regions with an interaction of age 3 time all showed greater BOLD activity for children than adults. Regions showing this interaction were located primarily in the left hemisphere, and included many posterior parietal and extrastriate locations previously reported in the literature, including the supramarginal gyrus and angular gyrus (Fig. 2B) . In 9 of the 38 regions, significant time courses were evident for the children, but not for the adults (Table 5) .
Regions showing both an interaction of age 3 time and task 3 time, but not a 3-way interaction, appeared most often to be driven by a flat BOLD response for the repeat task in adults. These 5 regions were all in the posterior temporal and extrastriate occipital cortex, and included a region close to the hypothesized vWFA (Table 6) (Fig. 3) . No regions showed a 3-way interaction effect of time 3 age 3 task.
Subsidiary Analyses
Subsidiary analyses were performed on 3 left hemisphere regions similar to those described in prior studies of reading: a region in the anterior extrastriate cortex, a region in the supramarginal gyrus, and 1 in the angular gyrus.
The left anterior extrastriate (-38, -60, -12) region is a vector distance of only 7.8 mm away from the location (-43, -54, -12) described by Cohen et al. (2000) ; as the vWFA. This region showed an interaction of task 3 time with greater activation for the read task than for the repeat task (Z value = 2.75), and also showed a significant interaction of age and time with children having greater activation than adults (Z value = 4.23). In post hoc analyses, both the read task and repeat task BOLD responses were significantly greater in children than adults (P < 0.05 for comparison of adults and children on the repeat task, P < 0.005 on the read task, P < 0.005 comparing groups collapsed across task). Interestingly, there was no significant difference for children between the 2 tasks (P = 0.3), whereas there was a significant difference between the 2 tasks in adults (P < 0.005), because adults did not activate the region for the repeat task. This pattern was also true for 4 other extrastriate regions (Table 6 ). As will be discussed, this combination is suggestive of increasing visual specificity within the extrastriate cortex with age (Fig. 3) .
The region in the left supramarginal gyrus (-52, -42, +24) showed a significant interaction of age 3 time (Z value = 2.93), and all 4 time courses showed a significant main effect of time (P < 0.01). This region was activated significantly more by children than adults for both tasks (P < 0.05 for post hoc comparisons of adults and children on the repeat task, P < 0.005 on the read task, P < 0.01 comparing groups collapsed across task), although both groups showed significant activations (each time course, adult read, adult repeat, child read, and child repeat, was significantly active compared with baseline, P < 0.0001, as tested post hoc) (A in Fig. 4) .
Finally, the region in the left angular gyrus (-49, -62, +29) also showed a significant interaction of age 3 time (Z value = 4.82). Unlike the supramarginal gyrus region, the angular gyrus region was significantly activated only by children for both tasks; this region was not activated in adults (child read and child repeat time courses were significantly active compared with baseline, P < 0.005, adult read and adult repeat time courses were not, P = 0.62, P = 0.36, respectively, as determined post hoc) (B in Fig. 4 ).
Discussion
Summary of Key Points
This study has several implications for understanding the development of reading-related processes in the brain. First, children and adults are using the majority of regions of the brain similarly for these tasks, including regions previously implicated in adult studies of reading such as the left inferior frontal gyrus/frontal operculum and the superior temporal gyrus. Second, examination of the age-related differences indicates that compared with adults, children are recruiting additional posterior brain regions to perform these tasks. Third, bilateral extrastriate cortex shows evidence of multimodal-tounimodal tuning over age. Finally, probing the developmental differences in regions previously reported to be engaged in phonological and/or orthographical processing, for example, regions in the left supramarginal and angular gyri, offers insight into how reading-related networks might be recruited dynamically over time.
Many Regions Behave Similarly in Children and Adults
Age-Invariant and Task-Invariant Regions
Our results indicate that, when performance is matched, children and adults share a common overall pattern of brain activity during overt reading of high-frequency single words. This pattern resembles the distribution of regions seen in metaanalyses of functional neuroimaging studies of single-word reading (Fiez and Petersen 1998; Turkeltaub et al. 2002; Jobard et al. 2003; Bolger et al. 2005) . The similarity of activity between ages in numerous regions, including cingulate, insula, motor and primary sensory regions, implies that these regions are functioning at adult-like levels by age 7, which is consistent with previous results (e.g. Gaillard et al. 2003a Gaillard et al. , 2003b Turkeltaub et al. 2003; Brown et al. 2005) . Because reaction time and accuracy between groups were equated in this study, and because both of the tasks in this study had an overt verbal output, motor regions would not be anticipated to be significantly different between age groups or tasks. A key distinction between the read task and the repeat task is that the former requires the translation of visual (orthographic) input to verbal (phonological) output, whereas the latter task emphasizes the translation of auditory (phonological) input to verbal (phonological) output. The different modality input for each task highlights regions of integration where both tasks show similar levels of activity.
Age-Invariant and Task-Dependent Regions
The regions that differed by task included mainly auditory and visual processing regions. All auditory cortex regions were activated significantly more by the repeat task, but were significantly active for both the read and repeat tasks. This result was expected due to the self-generated auditory stimulation from the verbal output demanded in both tasks.
Visual regions, although showing greater activity during reading tasks, in some cases also showed positive activity for the repeat task. This result may have occurred due to participants' visualization of the words they were hearing. These task-related differences are similar to those reported in adults (Price 2000) . As in regions showing no age or task effects, the lack of differences between children and adults for these regions implies a common sensory processing network that is operating at adult levels by age 7.
Reading-Related Regions
Significantly different activity was lacking between groups and between tasks in left frontal and insular regions around the left frontal operculum. This region has been described in other studies as integral to an anterior circuit for reading that is highly sensitive to regularity, and shows greater activity for pseudowords than real words (Fiez et al. 1999; Pugh et al. 2001; Mechelli et al. 2003) . Properties of the words employed in the stimulus set (i.e., high frequency, high regularity) may have prevented the ability to identify a difference between the tasks or groups in this region. Another possibility is that the contribution of this region to these tasks matures earlier than other readingrelated regions, and reached adult activity levels by age 7 years.
Significantly different activity was also lacking between groups and between tasks in the left superior temporal gyrus (-52, -45, +8) . This general region has been reported in other studies of reading as important in phonological and/or semantic processing (e.g., Bolger et al. 2005; Vigneau et al. 2006 ). The positive activity for both tasks in both groups suggests that this region, like the left frontal operculum region, supports a consistent processing role for these tasks over the ages studied.
Age-Dependent Effects
Task-Invariant, Age-Dependent Regions Age-dependent effects were all due to child BOLD activity being greater than adult BOLD activity. These regions were nearly all in the posterior half of the brain, and included bilateral activation in the parietal lobe, midline occipital lobe, and posterior cingulate, right hemisphere activation at the temporal--occipital junction, and also included activation in the left angular and supramarginal gyri (discussed below). The general location of these regions is consistent with other studies from our group which report a ''growing down'' pattern during development for lexical tasks in posterior portions of the brain (e.g., Brown et al. 2005 ). For many regions showing age-related differences, the differences were in the magnitude of activation, as adults still engaged the regions. This finding suggests that these regions become more efficient, or more specialized for certain processes over age, and thus show a decrease in activity in adults. Some regions, however, apparently dropped out completely in adults, suggesting that children may recruit additional regions of the brain to perform the tasks at the same level of proficiency as adults. Note: Asterisk indicates regions from this interaction image, whereas other regions were from the main effect of time image, and also showed a significant effect of time 3 age. Bold indicates significant activity in children only (no significant adult activity), whereas the other regions were significantly active in both groups, but significantly less so in adults. Of interest, regions that show greater activity for adults than children were not detected. Several regions did show a pattern of greater activity in adults than children in a previous report by our group, which analyzed 3 controlled lexical tasks (rhyme, verb, and opposite generation) (Brown et al. 2005) . Other developmental studies have also shown regions of greater activity in adults (Bunge et al. 2002; Turkeltaub et al. 2003) . One possibility for this lack of effect is that because children generally have more variable data than adults, potential differences are masked. There are at least 2 potential sources of this variability. First, variability could come from the groups being more variable on IQ or another subject characteristic. Although we were not able to do direct comparison of IQs, this does not appear to be the case, as both of our groups are estimated to be a standard deviation above the mean for intelligence. Second, greater variability in children could arise from the age range of the children representing a greater range of developmental difference than the adult sample. This source of variability is likely influencing our data and would decrease the likelihood of finding any group differences. Inspection of time courses, as was done in the present study, is critical to reducing incorrect classification of regions that may contain false positives or false negatives. This inherent bias against finding differences could have reduced reporting of regions with greater adult activity, however, in addition to statistical measures, no region time courses were found where that pattern was the case. Two additional possibilities for the lack of regions showing greater activity in adults than children could be either the relative ease and familiarity of the tasks and stimuli for both groups, or that regions which become more involved over development have already reached their adult levels by age 7.
Why do children show greater activity than adults in some regions during single-word repeating? The regressive effect of high activity in children to less or no activity in adults for a given region suggests that reading development involves intraregional specialization with maturity. This concept has also been suggested by others (e.g., Durston et al. 2006) . Importantly, an isolated increase or decrease in a single region may not completely reflect the broader story of functional specialization. This concept has been discussed in the framework of interactive specialization advanced by Johnson and colleagues (Johnson 2000 (Johnson , 2003 Johnson et al. 2002) , who posit that the functional role of a given region is shaped by its activity-dependent connections with other regions. Early in development, performance of a specific task might be served by a number of regions whose functional contributions in the face of that task's demands are not well defined. As these regions compete with each other to perform the task, the connections between the regions are altered and the relative contributions of the regions change. The presence of regions showing child-only activity in the present study indicates that functional relationships may indeed be reflecting alterations between these regions and those that remain active in adults. Alternatively, reduction in activation may also reflect, in part, more general developmental changes such as synaptic pruning (e.g., Huttenlocher et al. 1982) . However, a general mechanism such as synaptic pruning will not be able to account for task-dependent developmental effects.
Bilateral Extrastriate Shows Modality Tuning Over Age
Five bilateral extrastriate regions showed interaction effects both of time 3 task and of time 3 age. One region with both interactions was in the left extrastriate cortex near the vWFA (discussed below). All 5 regions with both time 3 task and time 3 age interactions showed a similar pattern of positive activity for both tasks in children, and adult activity for only the reading task, suggesting that the regions become more tuned for unimodal (i.e., visual) information with age. These results are consistent with those of Booth et al. (2003) who have previously reported that children, compared with adults, had less modality-specific activity in visual regions. The tuning of bilateral extrastriate cortex for visual information over development is an intriguing finding, implying that in addition to the idea that different parts of the extrastriate cortex become specialized for particular types of visual information (such as a vWFA, or a fusiform face area; Kanwisher et al. 1997; ) , regions of the extrastriate cortex may show progressive specialization from a more multimodal (e.g., auditory and visual) to unimodal (e.g., visual) processing over development, or become more segregated in purpose.
A left anterior extrastriate region, with Talairach coordinates at -38, -60, -12, showed both age and task effects in this study; it showed similar activity for both tasks in children, but significantly different activity between tasks in adults. Children also had greater activity in this region for both tasks compared with adults, suggesting greater efficiency and specialization in this region in adults. This region has a vector distance of about 8 mm from the putative vWFA by Cohen et al. (2000) (-43, -54, -12 ). The present findings do support a visually predominant processing role for this region in adults. However, the present findings suggest a lack of specificity for the visual modality in children, suggesting that the region becomes more modalityspecific with maturity and/or experience, and/or more general developmental mechanisms such as synaptic consolidation (but see Brown et al. 2006) . In explaining this result, it is possible to surmise that children are performing more visualization of words during the repeat task than the adults, despite equivalent reaction times. On the other hand, this lack of specificity could reflect feedback from phonological processing regions in the angular and supramarginal gyri that show decreasing activity with age (see below). The possibility of increasing modality specificity in the vWFA with development needs to be further explored. Developmental studies with a wider variety of visual word stimuli may be better able to tease apart these 2 possibilities.
Putative Phonological Regions in the Angular and Supramarginal Gyri
Regions in the angular gyrus and supramarginal gyrus, widely reported in reading research, showed age-dependent effects in this study. For the supramarginal gyrus, activity in adults was weaker in amplitude than the activity for children. This finding is consistent with the possibility that this region is involved in phonological processing, or in orthographic to phonological conversions (Price 1998; Pugh et al. 2001; Lee et al. 2007 ). The fact that we find this activity decrease for both the read and repeat tasks suggests that the supramarginal gyrus may be more involved in general phonological processing than in orthographic to phonological conversions per se.
A region only 2 cm away, in the angular gyrus, was not active in adults, whereas it was active in children. Some authors have suggested that the angular gyrus is involved in semantic processing (Price 2000; Binder et al. 2005; Sabsevitz et al. 2005; Lee et al. 2007) . Although, in general, the coordinates reported for regions showing semantic effects are more dorsally located than this region, the lack of activity in adults in the angular gyrus region for the familiar, high frequency, concrete words decreases the likelihood of (but does not rule out) a role for the currently reported angular gyrus region in semantic processing. The similar profile (decreasing activation across both tasks with age) is most consistent with the possibility that, along with the supramarginal gyrus region, the angular gyrus region is part of a dorsal phonological system as suggested by Pugh et al. (2001) . However, the lack of activation in adults, which differs from the supramarginal region, suggests a separable role for this region, at least in adults.
Lateralization
Although not examined directly, this study did not find evidence for an increasing left lateralization for single-word reading across development. Several fMRI studies of the development of language (but not overt, single-word reading/ repetition) have reported increasing left lateralization with development from early school-age into young adulthood (Gaillard et al. 2000; Turkeltaub et al. 2003; Brown et al. 2005; Szaflarski et al. 2006) . Studies of controlled lexical processing (Gaillard et al. 2000; Szaflarski et al. 2006 ), including our own (Brown et al. 2005) , are generally consistent with increasing left lateralization with development but these studies differ substantially from the present in terms of the task (e.g., verbal fluency, lexical generation) and analysis methods. Eden and colleagues (Turkeltaub et al. 2003) employed a covert task of word reading and found that taskrelated activity in left hemisphere regions increased with reading skill, whereas such activity in right hemisphere regions decreased with reading skill. The present data suggest that at least for single-word reading and repetition, both developmentally stable and developmentally dynamic regions are found in both hemispheres.
Future Studies
It is interesting to consider whether the developmental changes observed are the result of decreasing reliance on network components in general, or whether these changes are task or stimulus dependent. There is the possibility that the lack of activity for adults in the angular gyrus, and the decreased activity for adults in the supramarginal gyrus may be due to their extreme familiarity with the high-frequency stimuli. The high-frequency first-grade reading-level words are more familiar for adults than for children, due to the numerous experiences with these words throughout their lifetimes as readers. This result informs research using computational modeling as well. If, as has been suggested by others, interactions between a dorsal phonological system and a ventral orthographic system serve to train the latter (Pugh et al. 2001; McCandliss and Noble 2003) , what happens to phonological system activity levels after the ventral system is trained? Our results suggest that as the ventral system (at least in the location of the vWFA) becomes more selective for visual over auditory word input, activity in the dorsal system decreases. We are currently investigating whether there are ways to modulate the amount of activation in the angular and supramarginal gyri in adults with more challenging reading stimuli, or whether these regions become permanently lessened or inactive for reading tasks when reading proficiency is established.
Conclusions
This study of reading in children and adults shows that these groups have much in common when reading high-frequency words aloud. However, the differences observed between children and adults in a key set of regions implicated in adult reading indicate that children are not fully adult-like when performing a reading task. The use of a comparison task of similar difficulty, and with some overlapping processing demands, but in a different modality (repeating aloud aurally presented words) allowed the observation of task and group similarities and differences. There is evidence from examining these tasks that children have bilateral extrastriate regions that are less unimodally (visually) tuned than adults. In addition, hypothesized phonological regions decrease in activity in adults compared with children for high-frequency words. Overall, the developmental differences found in the present study suggest that compared with adults, children recruit additional posterior brain regions to perform single-word reading, and that with development the reading network becomes better tuned for the processing and output of auditory and visual words.
